The per capita consumption of sugars in the United States accounts for -2 1 % of total calorie intake. Most Americans eat and enjoy sugar-containing foods every day, but the use of sugars in the diabetic diet has traditionally been proscribed for fear of aggravating hyperglycemia. However, short-term and most longerterm studies demonstrate that dietary sucrose does not cause a greater postprandial rise in plasma glucose than isocaloric amounts of other common carbohydrates. The available evidence suggests that sucrose has a glycemic effect similar to that of bread, potatoes, and rice. Dietary fructose, in contrast, may produce a lesser postprandial rise in plasma glucose than other common carbohydrates. There is considerable controversy about the effects of dietary sucrose and fructose on serum lipids, and their effects on other metabolic events, such as the nonenzymatic glycosylation of proteins, are uncertain. Nevertheless, it is reasonable to allow diabetic patients to consume sugar-containing foods as long as they do so in a controlled fashion. Diabetes Care 12:56-61, 1989 A ccording to the 1977-1978 United States Department of Agriculture food consumption survey, the per capita consumption of sugars in the United States averages 95 g/day and accounts for 21% of total calorie intake and 48% of total carbohydrate intake (1; Table 1 ). Average daily per capita consumption of sucrose is 41 g, which represents 9% of total calorie intake. Of these 41 g of sucrose, 13 g occur naturally and 28 g are added to foodstuffs. The consumption of fructose, which has an agreeable taste similar to that of sucrose, has been gradually increasing. If the contribution from high-fructose corn syrup (containing ~43% fructose) is considered, the daily per capita consumption of fructose is 24 g and accounts for 6% of total calorie intake. Although sucrose and fructose are consumed in significant quantities in the U.S., controversy continues regarding their safety. In this article I attempt to focus, for both healthy and diabetic populations, on what is known about the effects of dietary sucrose and fructose on 7) blood glucose control, 2) serum lipid levels, and 3) other potentially important metabolic events such as the rates of nonenzymatic glycosylation of proteins and lactate production.
A ccording to the 1977-1978 United States Department of Agriculture food consumption survey, the per capita consumption of sugars in the United States averages 95 g/day and accounts for 21% of total calorie intake and 48% of total carbohydrate intake (1; Table 1 ). Average daily per capita consumption of sucrose is 41 g, which represents 9% of total calorie intake. Of these 41 g of sucrose, 13 g occur naturally and 28 g are added to foodstuffs. The consumption of fructose, which has an agreeable taste similar to that of sucrose, has been gradually increasing. If the contribution from high-fructose corn syrup (containing ~43% fructose) is considered, the daily per capita consumption of fructose is 24 g and accounts for 6% of total calorie intake. Although sucrose and fructose are consumed in significant quantities in the U.S., controversy continues regarding their safety. In this article I attempt to focus, for both healthy and diabetic populations, on what is known about the effects of dietary sucrose and fructose on 7) blood glucose control, 2) serum lipid levels, and 3) other potentially important metabolic events such as the rates of nonenzymatic glycosylation of proteins and lactate production.
EFFECTS OF SUCROSE AND FRUCTOSE ON GLYCEMIC CONTROL
The use of sucrose in the diabetic diet has traditionally been proscribed for fear of aggravating hyperglycemia. However, studies employing healthy subjects have demonstrated that sucrose, when consumed by itself (2) (3) (4) or as part of a meal (3, 5) , did not result in a greater rise in plasma glucose levels than isocaloric amounts of other common carbohydrates. The same has been demonstrated with diabetic subjects consuming sucrose as part of a meal (3, (5) (6) (7) . Whereas sucrose does not aggravate hyperglycemia, fructose may have definite advantages when used as a sweetening agent in the diabetic diet. When diabetic subjects consumed fructose alone or as part of a meal, the postprandial increases in plasma glucose levels were less than those produced by isocaloric amounts of other common carbohydrates (3, 5, 8) . All of these studies, however, only evaluated responses to a single meal and thus did not document long-term safety of either sucrose or fructose. Three longer-term studies are available to help assess the effects of dietary sucrose and fructose on the glycemic control of healthy subjects. Reiser et al. (9) fed a diet containing 30% of calories from sucrose to 19 healthy subjects for 6 wk and compared it by use of a crossover design to a diet where the sucrose calories were replaced by wheat starch. They reported significant increases in mean fasting serum glucose and insulin during the high-sucrose diet. However, there were no significant differences between the two diets in the final fasting serum glucose concentrations achieved. The increase in fasting serum glucose during the sucrose diet appeared to be due, in part, to a lower baseline fasting serum glucose than was observed with the starch diet. Moreover, 90% of the calories in both diets were fed to the subjects at dinner, and it is not clear that a study where this type of gorging took place has applicability to the general population. In a second study, Bossetti et al. (10) fed a diet containing 33% of carbohydrate calories from fructose to 8 healthy subjects for 2 wk and compared the results to a diet containing 33% of carbohydrate calories from sucrose. There were no significant differences between the diets in either fasting serum glucose or insulin levels. Similarly, Crapo and Kolterman (11) fed a diet containing 24% of calories from fructose to 11 healthy subjects for 2 wk and compared it to a baseline high-sucrose diet. Reduced postprandial serum glucose was found after some but not all meals. Note, however, that the latter two studies compared a high-fructose to a high-sucrose diet, a comparison that is probably not optimal in that sucrose is 50% fructose.
There are four longer-term studies helpful in assessing the effects of dietary fructose on the glycemic control of diabetic subjects. Neither Pelkonen et al. (12) or Akerblom et al. (13) found differences in blood or urine glucose when diets containing modest amounts of fructose were compared with starch reference diets in type I (insulin-dependent) diabetic subjects. However, the study by Akerblom et al. was an outpatient study during which subjects ate at home, making it difficult to be certain of nutrient intake. A recent report by Hollenbecket al. (14) demonstrated that a diet high in naturally occurring sugars and low in starches fed to type II (non-insulin-dependent) diabetic subjects for 1 day resulted in a significantly lower mean plasma glucose concentration than a diet low in sugar and high in starch. The diet high in naturally occurring sugars contained considerably more fruit and vegetables and, although not stated by the authors, was probably high in fructose. Similarly, a recent study by Crapo et al. (15) demonstrated that a high fructose diet fed for 2 wk to type II diabetic subjects was associated with reduced postprandial serum glucose concentrations.
With respect to dietary sucrose, Jellish et al. (16) reported that, when fed to type II diabetic subjects for 4 wk, a diet containing 220 g of sucrose/day did not produce any sustained increases in fasting serum glucose, postprandial serum glucose, or glycosuria compared with low-sucrose (3-g/day) and intermediate-sucrose (120-g/day) diets. Although all three diets were isocaloric, they contained varying proportions of total calories from carbohydrate, which makes interpretation of the results more difficult. Coulston et al. (17) evaluated the effects of feeding type II diabetic subjects a diet containing 16% of energy from sucrose for 15 days and found higher day-long plasma glucose concentrations than when the subjects were fed a 1 % sucrose reference diet, in contrast to Jellish et al. However, 57% of the carbohydrate calories in the low-sucrose reference diet were derived from sugars other than sucrose, which were not identified by the authors. If a significant percentage of this sugar was fructose, then Coulston et al. may actually have compared a high-sucrose diet with a highfructose diet. If so, the results could be interpreted as demonstrating a beneficial effect of fructose feeding rather than a detrimental effect of sucrose. Finally, Peterson et al. (18) used a crossover design to compare a high-fiber low-fat reference diet to a second diet in which 45 g of complex carbohydrate was replaced by 45 g of sucrose.
The two diets were each fed for 6 wk to 12 type I and 11 type II diabetic subjects. There were no significant differences between the two diets in either mean daily plasma glucose or glycosylated hemoglobin values. However, like the study by Akerblom et al. (13) , this was an outpatient study during which subjects ate at home; therefore, it is difficult to be certain that the diets were followed exactly.
In an attempt to further evaluate the metabolic effects of dietary fructose and sucrose, we recently completed a study where 12 type I and 12 type II diabetic subjects were fed three isocaloric diets for 8 days according to a randomized crossover design (19). The three diets provided, respectively, 21 % of calories as fructose, 23% of calories as sucrose, and almost all carbohydrate calories as starch. The 24 subjects were hospitalized in the General Clinical Research Center at the University of Minnesota for a prestudy adjustment period and for the 24 days of actual study. Each of the study diets was composed of common food items. Fructose and sucrose were incorporated into baked goods and were used to sweeten beverages and breakfast cereals. The nutrient composition of the three study diets was confirmed by analysis of a homogenized 24-h sample of each diet. Daily insulin dose or doses were fixed for each type I subject as were the doses of oral hypoglycemic agents for type prandial, and overall mean plasma glucose levels and significantly less urinary glucose excretion than the other two study diets. Overall mean plasma glucose during the fructose diet was 24% lower than during the starch diet, and 31 % lower than during the sucrose diet. Among the type II subjects, the fructose diet also resulted in significantly lower 1-h postprandial, 2-h postprandial, and overall mean plasma glucose and significantly less urinary glucose excretion than the other two study diets. Overall mean plasma glucose during the fructose diet was 7% lower than during the starch diet and 10% lower than during the sucrose diet. In both subject groups, there were no significant differences between the sucrose and starch diets in any of the measures of glycemic control.
In summary, our data and other data available in the literature suggest that the use of fructose as a sweetening agent in the diabetic diet will not worsen and may actually improve glycemic control. This, of course, assumes that fructose replaces other carbohydrates in the diet and is not simply added to them. Our data also suggest that dietary sucrose does not aggravate hyperglycemia in diabetic individuals to a greater extent than other common carbohydrates. Although other studies available in the literature support this conclusion regarding dietary sucrose (16, 18) , the study by Coulston et al. (17) reached an opposite conclusion.
II subjects on oral hypoglycemics. On the 7th and 8th days of each diet period, subjects had frequent blood samples drawn for measurement of plasma glucose. On the 8th day of each diet, blood samples were drawn for measurement of serum triglycerides (TGs) and other substances of interest.
The effects of the three study diets on measures of glycemic control are summarized in Fig. 1 and Table 2 . Among type I subjects, the fructose diet resulted in significantly lower preprandial, 1-h postprandial, 2-h post-
EFFECTS OF SUCROSE AND FRUCTOSE ON SERUM LIPIDS
Review of the literature reveals considerable controversy regarding the effects of dietary fructose and sucrose on serum lipid levels. Substitution of sucrose for other dietary carbohydrates in healthy or institutionalized subjects resulted in no significant change (20-23) or an increase (24-27) in fasting serum cholesterol levels and (18) . In type II diabetic subjects, increases in sucrose consumption did not affect cholesterol levels in one study but increased fasting plasma cholesterol, TG, very-lowdensity lipoprotein (VLDL) cholesterol, VLDL TG, and day-long plasma TG levels in another study (16, 17) . Studies in which fructose was substituted for sucrose demonstrated no changes in serum cholesterol or TG levels in healthy subjects (10,11). However, as noted previously, comparing a high-fructose to a high-sucrose diet is probably not optimal. In diabetic subjects, dietary fructose did not affect serum cholesterol or TG or resulted in an increase in serum TG (12, 13, 15) .
In our study, we also attempted to assess the influence of the three study diets on serum TG (19; Table 3 ). In type I subjects, fasting serum TG values were in the lower part of the normal range, and there were no significant differences in either fasting or peak postprandial TG values among the study diets. In type II subjects, both fasting and peak postprandial serum TG levels were considerably higher than in type I subjects. Again, there were no significant differences among the study diets in the TG values. Nevertheless, there was a tendency for the fructose diet to produce the highest values and the sucrose diet to produce intermediate values; therefore, the possibility that the statistical reach of our study was insufficient to reveal a significant effect on TG in type II subjects cannot be excluded.
The perplexing array of discrepant results may largely be due to differences in the composition of the study diets used (i.e., differences in dietary cholesterol content, differences in the ratio of carbohydrate to fat energy, and differences in the ratio of polyunsaturated to saturated fat; Table 4 ). It is also possible that some of these studies failed to find effects of dietary sucrose and/or fructose on serum lipid levels because the small number of subjects employed gave low statistical power. Nevertheless, the impression is left that any effects of dietary sucrose and fructose on serum lipid levels must be modest. Other potentially important metabolic effects. Dietary fructose (and sucrose by virtue by being 50% fructose) may have important effects on the rate of nonenzymatic glycosylation of proteins. Bunn and Higgins (28) have demonstrated in vitro that fructose caused more rapid nonenzymatic glycosylation of hemoglobin than did glucose, an effect that could be detrimental. In their system, the rate constant for glycosylation of hemoglobin by fructose was more than seven times greater than the rate constant for glucose. Thus, even though replacement of other carbohydrate calories by fructose may result in lower mean plasma glucose concentration, fructose feeding could elevate plasma fructose levels sufficiently to increase the rate at which proteins are glycosylated. However, during the fructose-diet period of our study, we found that peak postprandial fructose levels averaged only ~5 mg/dl (19). Moreover, 4 h after a fructose-containing meal, plasma fructose levels were nearly back to zero. Therefore, it seems likely that even after substantial amounts of fructose ingestion, plasma fructose levels will not be high enough for enough time to significantly increase the rate of protein glycosylation. However, long-term human studies are needed.
In our study we also found that in both type I and type II diabetic subjects, peak postprandial serum lactate was significantly higher during the sucrose and fructose diets than during the starch diet (19). Similar findings have been reported by others (11, 15) . This raises the possibility that a portion of fructose calories are transported away from the liver as lactate rather than as glucose. Whether chronic metabolic changes of this type might benefit diabetic individuals is, of course, unknown.
CONCLUSION
F ructose consumed by itself, or as part of a meal, has been demonstrated to produce less postprandial hyperglycemia than other common carbohydrates. This reduction of postprandial hyperglycemia by fructose has also been demonstrated in one longer-term study and may actually result in improved blood glucose control in diabetic subjects. However, before dietary fructose can confidently be regarded as safe for either healthy or diabetic individuals, more must be known about its chronic effects on serum lipids, postprandial serum lactate, and the rate of nonenzymatic glycosylation of proteins.
Although considerable controversy continues to surround dietary sucrose, there is little evidence to suggest that sucrose aggravates postprandial hyperglycemia in either healthy or diabetic subjects to a greater extent than comparable amounts of other common carbohydrates. The available information suggests that dietary sucrose has a glycemic effect that is similar to bread, potato, and rice. With respect to sucrose, the report of the Sugars Task Force sponsored by the Food and Drug Administration is appropriate to mention (1). The task force concluded that "there is no evidence to support a change in the 1976 Select Committee conclusion that the consumption of sugars is not related to diabetes other than as a nonspecific source of calories" and that "current levels of sugar consumption have not been demonstrated to be an adverse risk factor in terms of blood lipid and lipoprotein profiles for normal individuals." In their overall assessment the task force concluded 7) "evidence exists that sugars as they are consumed in the average American diet contribute to the development of dental caries," and 2) "other than the contribution to dental caries, there is no conclusive evidence on sugars that demonstrates a hazard to the general public when sugars are consumed at the levels that are now current and in the manner now practiced."
If individuals with diabetes are to be allowed to consume sucrose and sucrose-containing foods, such foods should be substituted for other foods in their diets in a rational way. To make such substitutions, information is needed about the nutrient content of sucrose-containing foods. This could be provided by the addition of a new exchange to the Exchange Lists for Meal Planning that might be called the Dessert Exchange.
ADDENDUM
Since this article was written, an additional study of the effects of dietary sucrose in diabetic subjects has been published. Abraira and Derler (29) randomly assigned 18 type II diabetic subjects to diets containing either 220 or 3 g of sucrose. Both the high-and the low-sucrose diets were isocaloric, provided 50% of calories as carbohydrate, and were fed for 1 mo. Subjects were hospitalized during the study. The authors reported no significant difference between the two diets in mean fasting serum glucose, postprandial serum glucose, glycosuria, glycosylated hemoglobin, fasting serum triglycerides, and postprandial serum triglycerides. This carefully conducted study thus provides additional evidence that dietary sucrose has no adverse effects on individuals with diabetes mellitus.
